
I ~8 
'8  
I 
I 
I ,  
8 ;  

II 
cj 

-. ' 

BEACON SATELLITE STUDIES OF SMALL SCALF: 

IONOSPHERIC INHOMOGENEITIES 

by 

.J. P. McClure 

and 

G .  W. Swenson, Jr. 

May, I964 

Sponsored by 

N s G  24-59 

National Aeronautics and Space Administration 

Washington 25, D.  C. 

Department of Electrical Engineerlng 
Engineerlng Experiment Station 

University of Illinois 
Urbana, Illinols 



I 
8 
1 
I 
1 
1 
I 
I 
I 
I 

I 

BEACON SATELLITE STUDIES OF SMALL SCALE 

IONOSPHERIC INHOMOGENEITIES 

by 

J .  P. M c C l u r e  

and 

G .  W. Swenson, Jr. 

May, 1964 

Sponsored by 

NsG 24-59 

National Aeronautics and Space Administration 

Washington 25, D. C .  

Department of E l e c t r i c a l  Engineering 
Engineering Experiment S ta t ion  

University of I l l i n o i s  
Urbana, I l l i n o i s  - .  



Abs t pact 

S c i n t i l l a t i o n  of r a d i o  s i g n a l s  from a r t i f i c i a l  e a r t h  satel l i tes  has 

been s tud ied  wi th  a network of spaced r ece ive r s .  The he ight  of t he  i r regu-  

l a r i t i es  respons ib le  f o r  s c i n t i l l a t i o n  was measured by t h e  c ros s -co r re l a t ion  

method for 130 s a t e l l i t e  passages.  Theore t i ca l  c a l c u l a t i o n s  show t h a t  t h e  

c r o s s - c o r r e l a t i o n  method used gives  t h e  average i r r e g u l a r i t y  he ight  when 

i r r e g u l a r i t i e s  a r e  uniformly d i s t r i b u t e d  over a f i n i t e  he igh t  range,  

The i r r e g u l a r i t y  he ight  measurements were made cont inuously f o r  a l l  sc in-  

t i l l a t i o n  observed s u f f i c i e n t l y  close t o  t h e  r e c e i v e r  network. The 

i r r e g u l a r i t y  he ight  i n  the  F-region w a s  found t o   be f a i r l y  constant  f o r  

about 2/3 of t h e  passages examined, and t o  be more or  less v a r i a b l e  about 

113 of t h e  t i m e .  The average height g rad ien t  f o r  i nd iv idua l  cases  where 

the  i r r e g u l a r i t y  he ight  is not  constant  w a s  near  ze ro ,  Increases  i n  i r regu-  

l a r i t y  he ight  t o  t h e  nor th  and t o  the south occurred wi th  approximately 

equal  p r o b a b i l i t y ,  Height grad ien ts  w e r e  seldom uniform f o r  more than 

50-100 km. The average he ight  of a l l  F-region i r r e g u l a r i t i e s  increased  

t o  t h e  nor th .  This  was not due t o  uniform l a y e r s  of i r r e g u l a r i t i e s  gen t ly  

s lop ing  upward t o  t h e  north,  but t o  i r r e g u l a r i t y  patches,  l a rge  and small ,  

being higher ,  on the  average, i n  the nor th .  The h e i g h t s  of t he  i r r e g u l a r i -  

t i es  i n  t h e  E-region below 130 km were cons tan t ,  and had no g rad ien t s ,  

un l ike  t h e  i r r e g u l a r i t i e s  i n  t h e  F-region. 

S u f f i c i e n t  d a t a  were obtained t o  determine t h e  d i u r n a l  v a r i a t i o n  of 

t h e  i r r e g u l a r i t y  height  d i s t r i b u t i o n .  The d a t a  show conclus ive ly  t h a t  

most daytime s c i n t i l l a t i o n  o r ig ina t e s  i n  the  E-region near  110 km height ,  



and t h a t  most n ight t ime s c i n t i l l a t i o n  o r i g i n a t e s  i n  t h e  F-region a t  h e i g h t s  

between 300 and 400 km, When E or F-region i r r e g u l a r i t i e s  were observed 

nea r  an ionosonde, they were n e a r l y  always accompanied by sporadic-E o r  

spread-F echoes on t h e  ionogram. The F-region i r r e g u l a r i t y  he igh t  d i s -  

t r i b u t i o n  was cons iderably  broader a f t e r  midnight t han  be fo re  midnight. 

There w e r e  not enough d a t a  t o  t e l l  whether o r  no t  there w a s  any seasona l  

v a r i a t i o n  of t h e  i r r e g u l a r i t y  he igh t  d i s t r i b u t i o n . ,  

Theore t i ca l  c a l c u l a t i o n s  r e s u l t e d  i n  8 c r o s s - c o r r e l a t i o n  func t ion  

desc r ib ing  the changes i n  t h e  s i g n a l  s t r e n g t h  p a t t e r n  on t h e  ground which 

are observed i n  spaced r e c e i v e r  experiments.  A concise  express ion  w a s  

ob ta ined  for t h e  c r o s s - c o r r e l a t i o n  as a func t ion  of t h e  th i ckness  and average 

he igh t  of a uniform s l a b  of i r r e g u l a r i t i e s ,  t h e  s ize  of t h e  i r r e g u l a r i t i e s ,  

and t h e  receiver spac ing ,  A f t e r  t h e  c r o s s - c o r r e l a t i o n  has  f a l l e n  t o  0.5, 

i t  is  approximately an inve r se  f u n c t i o n  of d i s t a n c e ,  The c a l c u l a t i o n s  

are based on work i n  s c a t t e r i n g  theory  by Yeh, A formula der ived  from 

t h e  d i f f r a c t i o n  theory by James can be obta ined  a s  a s p e c i a l  case of t h e  

c ros s -co r re l a t ion  f u n c t i o n  developed h e r e ,  The c r o s s - c o r r e l a t i o n  f u n c t i o n  

i s  app l i ed  t o  experimental  d a t a  and t h e  th i ckness  of t h e  l a y e r  of i r regu-  

l a r i t i e s  i s  found. For F-region s c i n t i l l a t i o n  t h e  th i ckness  va r i ed  from 

50 km t o  over 300 km, w i t h  an average of approximately 120 km. 
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Chapter I. Introduction and Historical Survey 

1. The Cause of Scintillation 

Radio signals from beacon satellites have been used to study the small- 

scale inhomogeneities in the electron density of the ionosphere. These 

irregularities, when present, cause scattering of radio signals propagated 

through them, resulting in irregular patterns of signal strength on the 

ground. Radio scintillation is a random time variation of the amplitude 

and phase of a radio signal which has propagated through a region of iono- 

spheric inhomogeneities. Roughly speaking, shadows of the ionospheric 

inhomogeneities are cast on the earth, and give rise to the scintillation, 

Radio scintillation is analogous to visual star scintillation or 

twinkling. Examples of both kinds of scintillation are shown below, 

Figzre 1 shows an example of optical star scintillation observed with 

a telescope and a photocell, The ordinate is proportional to the photo- 

cell current or light intensity. Figure 2 shows an example of satellite 

radio scintillation. The ordinate is proportional to the receiver AGC 

voltage or logarithmic radio signal intensity. 

t time 

Figure 1. Optical Star Scintillation 



A 
l og  I 

s t i m e  

Figure 2 .  Radio S a t e l l i t e  S c i n t i l l a t i o n  

F igures  1 and 2 d i s p l a y  s i m i l a r ,  random v a r i a t i o n s  of s i g n a l  i n t e n s i t y  

as a func t ion  of t i m e .  In  both c a s e s  t h e  v a r i a t i o n s  a r e  caused by i r r egu-  

l a r i t i e s  i n  t h e  d i e l e c t r i c  cons tan t  of t h e  atmosphere. For l i g h t  waves, 

t he  d i e l e c t r i c  cons t an t  is  h ighes t  where t h e  a i r  d e n s i t y  i s  g r e a t e s t ,  

i . e ,  i n  t h e  lowest few k i lometers  of t h e  atmosphere. A i r  d e n s i t y  

i r r e g u l a r i t i e s  are always present  i n  t h e  t roposphere  due t o  turbulence  

and i t  is  these  i r r e g u l a r i t i e s  which cause o p t i c a l  s c i n t i l l a t i o n .  How- 

e v e r p  a t  r ad io  wavelengths g r e a t e r  t han  about 30 c m  t h e  d i e l e c t r i c  cons t an t  

of t h e  ionosphere becomes much l a r g e r  t han  t h e  d i e l e c t r i c  cons t an t  of 

t h e  troposphere.  Therefore i t  is  ionospher ic  i r r e g u l a r i t i e s  which cause 

r a d i o  s c i n t i l l a t i o n .  

W e  s h a l l  t r a c e  t h e  e v o l u t i o n  of i d e a s  about s c i n t i l l a t i o n  i n  o rde r  

t o  provide h i s t o r i c a l  background. W e  now know i t  i s  caused by i r r egu-  

l a r i t i e s  i n  t h e  e a r t h ' s  atmosphere. A t  f i r s t  it w a s  be l i eved  t h a t  

t h e  twinkl ing  of s ta rs  w a s  caused by r a p i d  v a r i a t i o n s  i n  t h e  br ight -  

nes s  and p o s i t i o n  of t h e  s t a r s  themselves, which were imagined t o  be 

l i k e  d i s t a n t  f l i c k e r i n g  candles .  Some t i m e  l a t e r ,  A r i s t o t l e  wrote about 

twinkl ing ,  r e j e c t i n g  on pure ly  i n t e l l e c t u a l  grounds t h e  i d e a  t h a t  s t a r s  
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could  be anything l i k e  f l i c k e r i n g  candles.  Ins read ,  he thought Lhey w e r e  

very  much l i k e  t h e  sun and explained twinkl ing  on t h e  b a s i s  of t h e  "great 

d i s t a n c e  t o  t h e  sphere  of t h e  s tars"  and " the  weakness of ou r  v i s i o n , "  

A r i s t o t l e ' s  exp lana t ion  w a s  s t i l l  being advocated as r e c e n t l y  a s  1958 by 

a London op tomet r i s t  [ Hart r idge ,  19501 H i s  experiments showed t h a t  a 

f a i n t  but s t eady  l i g h t  does appear t o  twinkle due to phys io log ica l  r easons ,  

j u s t  as A r i s t o t l e  had be l ieved .  However, observed evidence, such as photo- 

e lec t r ic  r eco rds  l i k e  F igure  1, cannot be expla ined  on t h i s  b a s i s ,  

When t h e  appropr i a t e  d a t a  are a v a i l a b l e ,  t h e  c o r r e c t  i n t e r p r e t  at ion  

of o p t i c a l  s c i n t i l l a t i o n  becomes c l e a r ,  The " s c i n t i l l a t i o n  index ,"  which 

i s  de f ined  as t h e  r o o t  mean square of t h e  s i g n a l  f l u c t u a t i o n s  d iv ided  

by t h e  mean s i g n a l  i n t e n s i t y ,  i nc reases  as a s t a r  approaches t h e  hor izon ,  

This  i n d i c a t e s  t h a t  t h e  f l u c t u a t i o n s  are not due t o  v a r i a t i o n s  i n  t h e  

b r igh tness  of t h e  s t a r ,  but are introduced i n  t h e  e a r t h 9 3  atmoshpere, 

The f l u c t u a t i o n s  could r e s u l t  from t h e  motion of a l i g h t  p a t t e r n  ac ross  

t h e  t e l e scope ,  from changes i n  an unmoving l i g h t  p a t t e r n ,  or  from a com- 

b i n a t i o n  of t hese  two processes .  This ambiguity may be r e so lvea  i n  an 

experiment where two t e l e scopes  are p laced  about 10  cm a p a r t ,  The l i g h t  

i n t e n s i t y  r eco rds  are w e l l  co r r e l a t ed ,  d i f f e r i n g  mainly by a t i m e  s h i f t ,  

As t h e  t e l e scope  spacing is  increased, t h e  t i m e  s h i f t  IS i nc reased ,  but 

t h e  c r o s s - c o r r e l a t i o n  of t h e  records is  reduced, These d a t a  are cons is -  

t e n t  wi th  t h e  e f f e c t  t h a t  would be expected from a changing random p a t t e r n  

of l i g h t  moving p a s t  t h e  te lescopes .  

Thus t h e  evidence i n d i c a t e s  t h a t  o p t i c a l  s c i n t i l l a t i o n  is t h e  r e s u l t  

of a l i g h t  p a t t e r n  which moves past t h e  eye.  This  p a t t e r n  might look 

3 



l i k e  t h e  l i g h t  p a t t e r n  formed on t h e  bottom of a swimming pool. The 

s t r u c t u r e  and motion of t h e  pool p a t t e r n  is determined by t h e  s t r u c t u r e  

and motion of t h e  i r r e g u l a r i t i e s  on t h e  s u r f a c e  of t h e  pool. I n  a s imi la r  

manner t h e  s t r u c t u r e  and motion of an o p t i c a l  s c i n t i l l a t i o n  p a t t e r n  is 

r e l a t e d  t o  the  atmospheric i r r e g u l a r i t i e s  which c r e a t e  i t .  

Another example, a f a v o r i t e  of J.  A. R a t c l i f f e ,  a pioneer i n  iono- 

sphere  s tud ie s ,  i s  t h e  e f f e c t  of hea t  waves r i s i n g  from a ho t  s u r f a c e  

on a summer day. The a i r  d e n s i t y  i n  h e a t  waves i s  very  i r r e g u l a r  because 

of t h e  turbulen t  mixing of w a r m  and co ld  a i r .  D i s t an t  o b j e c t s  viewed 

through t h e  heat waves appear t o  f l i c k e r  and waver i n  an e f f e c t  analogous 

t o  s c i n t i l l a t i o n .  

2. Radio S t a r  S c i n t i l l a t i o n  Resu l t s  

Radio s i g n a l s  from t h e  “ s t a r s ”  were d iscovered  by K a r l  Jansky i n  

1932. (Note: most as t ronomica l  r a d i o  sou rces  are not ,  s t r i c t l y  speaking, 

s t a r s . )  I n  1946, i t  w a s  discovered t h a t  t h e  i n t e n s i t y  of t h e  r a d i o  s i g n a l  

rece ived  from t h e  s t r o n g  source  i n  Cygnus w a s  v a r i a b l e  [Hey, Parsons and 

P h i l l i p s ,  19461. The development of t h e  c o r r e c t  exp lana t ion  of t h i s  

phenomenon was c l o s e l y  p a r a l l e l  with t h e  development of t h e  exp lana t ion  

of o p t i c a l  s t a r  s c i n t i l l a t i o n .  Again, i t  w a s  f i r s t  be l ieved  t h a t  t h e  

v a r i a t i o n s  were due t o  f l u c t u a t i o n s  i n  t h e  source  i t s e l f  [Hey e t  a l . ,  19461. 

Again, l a t e r  experimental evidence proved t h i s  exp lana t ion  wrong. A s  

wi th  l i g h t ,  i t  is  not  p o s s i b l e  t o  i n t e r p r e t  completely a s i n g l e  t i m e  versus  

s i g n a l  s t r e n g t h  record  of s c i n t i l l a t i o n  (example shown i n  F igure  2). The 

v a r i a t i o n s  could be caused by the  motion of a f i x e d  p a t t e r n  of r a d i o  s i g n a l  

4 
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strength past the antenna, by changes in an unmoving pattern of signal 

strength or both. TO study scintillation-producing irregularities in 

detail it is necessary to study the distribution of signal strength over 

the ground, its motions and its changes. To do this, data from several 

points on the ground are necessary. Using a pair of receivers spaced 

3.9 km apart, recordings of the signals from Cygnus were found to be 

similar (50 to 95 percent correlated), but for a spacing of 20 kmj "NO 

detailed correlation could be found" [Smith, 1950; Little and Love11, 

19501. Thus it was first revealed that radio star scintillation must 

be introduced somewhere in the earth's atmosphere. 

Ryle and Hewish [1950] separated a pair of receivers by 1 km in the 

east-west direction. They observed well-correlated records with time 

delays corresponding to drift velocities in the order of 100 to 200 meters 

per second. The time delay and the average number of maxima per minute 

indicated the distance between maxima in the pattern was approximately 

constant and about 5 km in magnitude. It was concluded that changes in 

the fluctuation rate of the scintillation were mainly caused by changes 

in the drift rate of the irregularities. 

Little and Maxwell [1951] used a pair of receivers separated by approxi- 

mately 4 km in the north-south direction and found approximately 50 percent 

correlation between the outputs. They also observed that the drift ve- 

locities of the irregularity pattern in the north-south direction were 

much less than the drift velocities in the east-west direction reported 

by Ryle and Hewish. 



Spencer [1955] made a fundamental discovery by setting up three re- 

ceivers in a triangular array. He found that the irregularities in the 

radio signal strength pattern on the ground were elongated by at least 

5:1, The direction of elongation was always within 5 degrees of the 

ground projection of a line of force of the earth9s magnetic field, and 

the average distance between maxima of the irregularities on the ground 

was about 3 km in the direction of the shortest dimension, From this 

evidence, he concluded that the ionospheric irregularities responsible for 

scintillation are also elongated by about 5:k and are aligned with the 

earth's magnetic field. 

In Australia, Wild and Roberts [1956] reported that measurements of 

radio star intensity versus frequency and time seem?d to imply that many 

of the fluctuations observed were due to a sort of focusing by single, 

lens-like irregularities. Concurrent spaced receiver studies of the 

size and shape of nighttime irregularities agreed with Spencer's results, 

They also observed daytime irregularities not reported by Spencer, This 

discrepancy has been attributed to sporadic-E and to the differences in 

elevation of the source as viewed from England and Australia [Booker, 

19581 a 

Recently, similar spectral observations have been made at Boulder 

by Warwick [1964]. He finds that about 10 percent of the scintillation 

observed can be the result of the focusing effect of single, wavelike 

irregularities, confirming the results of Wild and Roberts. 

In summary, spaced receiver outputs are similar, except for time 

shifts. Larger receiver spacing increases the time shift and decreases 

6 



the correlation, but so slowly that the output of a single receiver may 

be assumed to be caused by drift of an unchanging pattern. If receivers 

are spaced far enough apart in the direction of pattern drift, correlation 

is eventually reduced to zero. We conclude from spaced receiver observa- 

tions that field-aligned irregularities in ionospheric electron density 

cause the irregular pattern of radio star signal strength on the ground and 

that these irregularities are highly elongated and drift at 100 to 200 

meters per second in temperate latitudes. 

We shall now review some other basic aspects of radio star scintilla- 

tion. The diurnal variation of average scintillation index has a maximum 

near midnight. Good correlation between the occurrence of scintillation 

and spread-F on ionograms was observed by Ryle and Hewish [1950] and by 

Little and Maxwell [1951]. In contrast, correlation of scintillation with 

sporadic-E, but not with spread-F, was observed by Bolton, Slee and Stanley 

[ 19511 in Australia, and Duego [1955] at Cornel1 University. 

explanation of this apparent disagreement is that the correlation with 

spread-F will occur for nighttime scintillation observed near the zenith, 

while the correlation with sporadic-E will occur for daytime scintillation 

observed at low elevation angles e 

The accepted 

The height of the irregularities was not well known. In his review 

paper, Booker [1958] stated that the available data were adequate only 

to establish that nighttime scintillation is caused mainly by F-region 

irregularities. There is no really accurate way of measuring the height 

of irregularities using radio stars. Briggs [1958] had a simple method 

that produced some approximate results. He postulated that the correlation 

7 



of radio star scintillation with spread-F at a remote ionosonde would 

depend on the height assumed for the scintillation irregularities. Briggs 

found that for heights of 250-300 km, the correlation between the two 

phenomena was maximum. 

Earlier, Hewish [1952] had attempted to measure the irregularity 

height through a comparison of phase and amplitude scintillation. It 

is theoretically possible to do so, but in actual practice it is very hard 

to get accurate results because it is difficult to measure phase scintilla- 

tion with sufficient precision. The theoretical work of Hewish [1952] 

was based on the diffraction theory. Similar results were obtained by 

Yeh [1962] on the basis of scattering theory. Hewish made thirteen 

separate measurements, resulting in a wide spread in the heights obtained 

( 5 ~ 1 ) ~  He gave 400 km as the average height of irregularities. All the 

heights obtained were in the F-region. For lack of accuracy, this method 

has not been used since, 

An excellent review of radio star scintillation, including additional 

results not pertinent here, is given by Booker [1958]. 

3. Satellite Scintillation Results 

On October 5,  1957, the first artificial earth satellite, Sputnik I, 

was launched. The 20 mc beacon transmitter on board was observed to scin- 

tillate on at least part of nearly every pass recorded at the University 

of Illinois, especially when the satellite was in the north. Since satel- 

lites cover a large part of the sky on every pass, and since there are 

two close passes per day for each satellite whose orbital plane has a suf- 

ficiently high inclination with the earthqs equator, beacon satellites 
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g i v e  a l a r g e  amount of s c i n t i l l a t i o n  da ta .  

seasonal, and l a t i t u d e  v a r i a t i o n  of s c i n t i l l a t i o n  have been made using 

them. 

Extensive s t u d i e s  of t h e  d iu rna l ,  

The d i u r n a l  v a r i a t i o n  of average s c i n t i l l a t i o n  index shows a m a x i -  

m& near  midnight. 

and McClure [1963] and by Yeh and Swenson [1964],  

The l a t i t u d e  v a r i a t i o n  is  summarized by Yeh, Swenson 

The r e s u l t s  show t h a t  

t h e  average s c i n t i l l a t i o n  index increases  abrupt ly  w i t h  l a t i t u d e  a t  t h e  

time of' t h e  sunspot maximum, and tha t  seasonal ,  sunspot number and s o l a r  

cyc le  v a r i a t i o n s  in f luence  t h e  l a t i t u d e  v a r i a t i o n  of s c i n t i l l a t i o n .  In  

c o n t r a s t  Lawrence and Martin [1964] and Yeh and Swenson [1964] have found 

evidence of a s l i g h t  i nc rease  of s c i n t i l l a t i o n  a c t i v i t y  t o  t h e  south  i n  

1962. 

The v a r i a t i o n  of spread-F occurrence p r o b a b i l i t y  behaves i n  t h e  same 

way. The d i u r n a l  v a r i a t i o n  a l s o  shows a maximum near  midnight. Shimazaki 

[1959] has  summarized the  l a t i t u d e  v a r i a t i o n s .  N e a r  the sunspot maximum 

t h e  occurrence of . spread-F  increases  sha rp ly  to t h e  nor th  a t  t h e . l a t i t u d e  

of t h e  Univers i ty  of I l l ino is ,  50 nor th  geomagnetic l a t i t u d e .  There is 

very l i t t l e  spread-F occurr ing  t o  the  south  of t h i s  p a r a l l e l ,  but t h e r e  

0 

is a s t e e p  rise i n  spread-F a c t i v i t y  t o  t h e  nor th  of i t .  H i s  d a t a  f o r  

t h e  sunspot minimum show t h e r e  is  very l i t t l e  l a t i t u d e  v a r i a t i o n  of spread-F 

occurrence.  There appears  t o  be a s l i g h t  i nc rease  i n  spread-F a c t i v i t y  t o  

t h e  south  a t  50 geomagnetic l a t i t u d e ,  dur ing  t h e  sunspot minimum, i n  

agreement with t h e  s a t e l l i t e  d a t a  above, 

0 

A s  mentioned before,  r a d i o  s t a r  s c i n t i l l a t i o n  s t u d i e s  cannot accu ra t e ly  

l o c a t e  t h e  he ight  of t h e  sc in t i l l a t i on -p roduc ing  i r r e g u l a r i t i e s .  A r t i f i c i a l  
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e a r t h  s a t e l l i t e s  o f f e r  s e v e r a l  good ways of measuring i r r e g u l a r i t y  he igh t .  

The easiest method i s  t o  observe t h e  v a r i a t i o n  of t h e  average s c i n t i l l a -  

t i o n  index with s a t e l l i t e  h e i g h t .  Using t h i s  method, i t  has  been r epor t ed  

t h a t  most of t h e  i r r e g u l a r i t i e s  are w i t h i n  t h e  fo l lowing  he igh t  ranges: 

200 t o  400 km a t  Baker Lake, Northwest T e r r i t o r i e s  [Swenson and Yeh, 19611; 

270 t o  325 km a t  Cambridge, England [Kent, 19593; 250 t o  650 k m  a t  College,  

Alaska [Bas le r  and D e W i t t ,  19621. However, t h e s e  ranges  are based on 8 

l a r g e  number of passes,? and t h i s  method does not  permit t h e  measurement 

of t h e  exac t  he ight  on a p a r t i c u l a r  pass.  

S ince  the s a t e l l i t e  v e l o c i t y  is  very  much g r e a t e r  t han  t h e  d r i f t  

v e l o c i t y  of the  ionospher ic  i r r e g u l a r i t i e s ,  t h e  ground v e l o c i t y  of t h e  

p a t t e r n  i s  determined only by t h e  s a t e l l i t e  v e l o c i t y ,  t h e  s a t e l l i t e  he igh t ,  

and t h e  i r r e g u l a r i t y  he igh t  (equat ion  11, Therefore,  t h e  exac t  i r regu-  

l a r i t y  he ight  a t  a g iven  t i m e  may be measured by us ing  spaced r e c e i v e r s  

t o  determine t h e  v e l o c i t y  of t h e  i r r e g u l a r i t y  p a t t e r n  on t h e  ground,, 

The ground v e l o c i t y  may be determined by two methods, 

The f i r s t  and s imples t  method is  c a l l e d  t h e  " t r a n s i t i o n  edge" method. 

T r a n s i t i o n s  from s c i n t i l l a t i o n  t o  Faraday f a d i n g  o r  v i c e  v e r s a  are o f t e n  

very  abrupt,  o f t e n  t ak ing  one second o r  l e s s ,  i n d i c a t i n g  t h a t  t h e  r a y  t o  

t h e  s a t e l l i t e  has  j u s t  passed t h e  edge of a r eg ion  of i r r e g u l a r i t i e s  ( see  

F igure  3 below). By spac ing  r e c e i v e r s  i n  t h e  d i r e c t i o n  of s a t e l l i t e  motion 

and observing t h e  d i f f e r e n c e  i n  t h e  t r a n s i t i o n  t i m e s ,  t h e  he igh t  of t h e  

edge of t h e  i r r e g u l a r i t y  r eg ion  i s  e a s i l y  found, This  method w a s  f i r s t  

used a t  College, Alaska [ Par thasara thy ,  Bas le r  and D e W i t t ,  19591, r e v e a l i n g  

t h a t  i r r e g u l a r i t i e s  e x i s t  a t  h e i g h t s  from 100 t o  1000 km. Later ,  23 h e i g h t s  
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. -  

varying f r o m  145 t o  1000 km w e r e  observed by t h i s  method, a l s o  a t  College, 

Alaska [Bas le r  and D e W i t t ,  19621. 

ments y ie ld ing  he ights  from 320 t o  430 km were made a t  t h e  Universi ty  of 

I l l i n o i s  [Yeh, Swenson and McClure, 19631. 

A set of s i x  " t r a n s i t i o n  edge" measure- 

Figure 3. Geometry of the "Transi t ion Edge" Method 

of Finding Ionospheric I r r e g u l a r i t y  Height 

The second method of measuring the  pa t t e rn  v e l o c i t y  on t h e  ground is 

to  c ross -co r re l a t e  t h e  output of two spaced r ece ive r s .  De ta i l s  of t he  

use of t h e  c ross -cor re la t ion  method a r e  discussed i n  Chapter 111. Brief ly ,  

t he  geometry of measuring the  height by t h i s  method is  the  same a s  t h a t  of 

the  t r a n s i t i o n  edge method. *The d i f fe rence  i n  methods i s  t h a t  r a t h e r  than 

measuring the  ground ve loc i ty  of the t r a n s i t i o n  edge,, w e  measure t h e  cross- 

c o r r e l a t i o n  t i m e  delay of two r e l a t i v e l y  closely-spaced r ece ive r s  and t h u s  

determine the  ground ve loc i ty  of the i r r e g u l a r i t y  pa t t e rn  i t s e l f .  Many 

i n v e s t i g a t o r s  have used t h i s  method, but t h e  t o t a l  number of measurements 

made has been too small  t o  draw any d e t a i l e d  conclusions.  Two measurements 

of 340 and 365 km were made by Frihagen and Tr&m [1960] i n  Norway. Hook 
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and Owren [1962] found irregularities from 100 to 275 km (the height of the 

satellite used) for three passes recorded at College, Alaska. Thirteen 

measurements were made at Pennsylvania State University [ DeBarber, 19631, 

yielding heights of 330 to 540 km. Fourteen measurements between 270 and 

390 km were made at Gorki State University by Yerukimov [1962]. 

eight measurements varying from 100 to 1000 km were made by Liszka [1963b] 

in Sweden. Apparently, the largest number of such measurements w a s  made 

by Jespersen and Kamas [1963] at Boulder, They do not state exactly how 

many measurements were made, but it appears that they computed the irregu- 

larity height at about 60 to 80 discrete points on some 20 usable spaced 

receiver records. They reported heights ranging from 200 to 700 km for 

nighttime passages. Most of the heights were between 250 and 400 km, and 

the average height was 325 km. A summary of ionospheric irregularity 

height measurements has been made by Chivers [1963], 

Forty- 

This report extends the previous work by giving the results of con- 

tinuous height measurements during the entire satellite passage rather than 

measurements at one or more discrete satellite positions, In Chapter I11 

the statistical variations of the irregularity heights of a large number 

of passages (130) are presented, 

Equation (1) is geometrically valid for measuring the height of 

thin irregularity layers, but has been used for thick layers, It is known 

that ionospheric irregularities are sometimes spread over considerable 

height range. Since irregularities at different heights should produce 

irregularity patterns on the ground which move at different velocities, 

it is not certain that Equation (1) applies for the cross-correlation 



13 

method under all conditions. Certainly some kind of "effective height" 

will be obtained, but its meaning in the "thick layer" case has not been 

examined heretofore. It is shown in Chapter IV of this report that if we 

assume a uniform slab of irregularities, the height obtained by the cross 

correlation method is the average height of the irregularities in the 

slab. This is a step toward clarifying the meaning of cross-correlation 

height measurements 

In addition to clarifying height measurements, the theoretical cal- 

culations in Chapter IV indicate that cross-correlation spaced receiver 

experiments can determine the thickness of the region of ionospheric irregu- 

larities responsible for satellite scintillation, provided that it is assumed 

that the irregularities are weak, so that only single scattering is im- 

portant (Born approximation). A particular geometry is chosen (see Figure 91, 

where receivers are separated by a distance x in the direction of satellite 

motion, and the cross-correlation is computed. 

cross-correlation of the outputs, of spaced receivers is a maximum for this 

geometry, and that the magnitude of this function decreases monotonically 

with receiver spacing x and irregularity region thickness b. 

maximum cross-correlation between spaced receiver outputs is 0 . 5  or less, 

It will be shown that the 

When the 

it decreases inversely with x and b (see Equation (30)). Thus spaced 

receiver experiments can be used to determine the thickness b. 

This concept was previously exploited by James [1962], who derived 

a formula relating irregularity region thickness to satellite scintillation 

pattern change. His formula was derived from the diffraction theory. 

It is shown in Chapter IV of this report that James' formula can be ob- 

tained as a special case of the cross-correlation function derived there. 
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James ' formula was applied by Jespersen and Kamas [ 19631. They found 

irregularity region thicknesses from 120 to 470 km. Thickness measure- 

ments made using the cross-correlation function are presented in Chapter IV 

and compared t o  the above measurements and to thickness measurements made 

by other methods. 
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Chapter 11. Experimental Procedure 

1. Spaced-Receiver Data Acquisition Techniques 

A mobile satellite receiving station was set up in a van having an 

auxiliary generator to power the equipment when no external power was 

available. An FM-FM telemetry link transmitted the remote satellite 

signal strength information to the base station for recording. Tone 

signaling equipment in the van made it possible to turn on the remote 

station VHF telemetry transmitter from the base station. Receiver spacings 

of 2 to 35 km were used with this equipment. 

Ultimately, leased phone lines replaced the VHF telemetry link, and 

battery operated transistorized receivers replaced the AC operated 

frequency converters and military communication-type receivers. It was 

found desirable to have more than one spaced receiver, and in the final 

six months of the experiment, four receiver locations were used. Conven- 

tional turnstile antennas and .conventional communication-type receivers 

having a 3 or 4 kc bandwidth were used throughout the study. 

2. Satellite Orbital Characteristics 

The satellite used in this study was Transit IV-A. It had an inclina- 

tion of 66.8O and a height of 900-1000 lan above the earth and carried a 

54  mc beacon transmitter. Table 1 gives the various headings of the satel- 

lite for selected latitudes. Changes in the satellite heading must be 

accounted for in the analysis of the data. 



Table 1. Satellite Headings for Transit IV-A 
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Sate 11 i te latitude 30' 35O 40° 45O 5 Oo North 

Sat e 11 it e heading 23.8' 25.7O 28.2O 31.4O 35.7O S-N passes 

156 e 2O 154.3O 151 a 8' 148,6O 144.3O N-S passes 

3. Receiver Locations Used 

The receiver locations are shown in Figure 4 and summarized in Table 2. 

Table 2. Receiver Locations 

Distance Azimuth 
Locat ion from Base Station from Base Station Base Station 

Chanute A.F.B. 34.6 km 

Mansfield, Illinois 27.3 

A1 2.90 

A2 4.85 

A3 6.65 

Swine Farm 2.82 

Gartner House 2.92 

Wullenweber 15 a 1 

Ehler Farm 15.1 

Champaign Airport 9.25 

28O Monticello Road Field 
Station (Adcock) 
40.016O N 
88.325O W 

330° 

28O 

3 Oo 

28O 

331° 

3 2O 

261° 

344O 

263O 

1 1  

I t  

I t  

Geophysical 
Observatory 
40.069O N 
88.225O W 

I t  

11  

11  

11  



Figure 4.  Receiver Locations Used In T h i s  Study, 



4. Characteristics of the Data Recording System 

The AGC voltages of the receivers were recorded on an eight channel 

Sanborn strip chart recorder. This voltage was proportional to the logarithm 

of the signal strength. This simplifies data analysis because all the sta- 

tistical properties of scintillation were given in terms of operations 

on the logarithmic amplitude. 

Care was taken to insure that the data transmission system was linear. 

The time constant of the recording system was about 0.07 seconds which 

affected only the most rapid scintillation. The entire satellite recording 

system was designed to operate automatically, requiring only routine main- 

tenance and daily programming. 
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Chapter 111. Measurement of t h e  Height and Size  of t he  I r r e g u l a r i t i e s  

1. I r r e g u l a r i t y  Height Measurements Using the  "Edge Effec t"  

The f i r s t  measurements of i r r e g u l a r i t y  height  i n  t h i s  study w e r e  made 

by observing t h e  easy-to- interpret  "edge e f f e c t . "  Sharp t r a n s i t i o n s  from 

s c i n t i l l a t i o n  t o  Faraday r o t a t i o n  o r  vice-versa w e r e  o f t e n  seen t o  occur 

i n  a second o r  less. With rece ivers  spaced 25 o r  35 kilometers along the  

s u b s a t e l l i t e  path it  w a s  possible  t o  measure t h e  ground ve loc i ty  of t h e  

edge" of t h e  s c i n t i l l a t i o n  pat tern.  Figure 3 i l l u s t r a t e s  t h e  geometry of 1t 

t hese  measurements. The he ights  observed a t  the  Universi ty  of I l l i n o i s  

were between 320 and 430 km. A t  College, Alaska, he igh t s  from 145 t o  1000 km 

w e r e  observed on 23 sa te l l i t e  passes by the  same method [ B a s l e r  and D e W i t t ,  

19621. Table 2 shows the  r e s u l t s  of the  observat ions a t  Urbana. 

Table 2. S c i n t i l l a t i o n  Heights Measured Using Sharp Trans i t ions  

Date T ime  CST S a t e l l i t e  

3 Feb. 1960 2000 EXPLORER V I 1  

10 Nov. 1960 0543 TRANSIT 11-A 

31 Aug. 1961 2312 TRANSIT IV-A 

8 O c t .  1961 2327 TRANSIT IV-A 

12 Oct. 1961 2222 TRANSIT IV-A 

13 Oct. 1961 2239 TRANSIT IV-A 

Receiver 
Spacing km. T. Sec. 

9.2 0.5 + 0.1 - 
5.25 + .25 - 34.6 

7.0 + 0.5 - 34.6 

7.25 + .75 

4.5 + .25 

- 27.3 

27.3 - 

4.5 + .75 - 27.3 

Sc in t  i l l a t  i on 
Height km. 

412 + 23 - 

395 + 10 - 

345 + 15 - 
320 + 20 - 

429 - + 13 

429 + 39 - 
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Attempts were made to determine irregularity heights by the transition 

edge method for data recorded at Urbana, Illinois, and Huntsville, Alabamap 

using the satellites Explorer VI1 (1959 Iota) and Nora Alice I (1961 Alpha 

Kappa), However, the method can be used only if the satellite travels in 

the direction of a line joining the observing points, and Explorer VI1 

passed at a 45 angle to the line joining the towns, nullifying the ex- 

periment. While the path of Nora Alice I was satisfactory, its maximum 

height was only 350 km, the average height of the F-region irregularities 

themselves, and no useful information was obtained, 

0 

Table 2 shows a spread of 110 km in heights observed, but since measure- 

ments could be obtained only at the times of sharp transition, the method 

was inadequate for thorough analysis, Therefore observations by the edge 

effect method were discontinued and the cross correlation method was in- 

vestigated. It was found that this method permitted continuous measurements 

of irregularity height during an entire satellite passage, 

2 .  Irregularity Height Measurements Using Cross-Correlation 

The geometry of cross-correlation measurement of irregularity height 

is the same as the geometry of edge effect measurements illustrated in 

Figure 3, However, the ground velocity of the radio signal strength pattern 

as a whole is measured, rather than the ground velocity of its edge, per- 

mitting continuous observation of the irregularity height, rather than 

discrete observations at the time of sharp transitions, A receiver spac- 

ing of approximately 3 km in the direction of scintillation pattern motion 

yields a very high cross-correlation between the signals at the two receivers, 

usually above 0,8, (Note that this spacing is much smaller than those 
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listed in Table 2.) 

approximately the width and shape of the. autocorrelation function, shown 

by Kent [1959] and Swenson and Yeh [1961], but it is centered on some time 

shift T corresponding with the ground velocity of the drifting scintillation 

pattern. Theoretical calculations given in Chapter IV show that the value 

of irregularity height obtained by this. method is approximately the height 

of the center of the region of irregularities. 

When the cross-correlation is high, this function has 

. .  

One hundred thirty spaced-receiver recordings of Transit IV-A passages 

which displayed scintillation were examined in an attempt to determine the 

height behavior of scintillation-producing irregularities. These recordings 

were made between March, 1962 and December, 1963 on spaced receiver networks 

having two, three, and four receivers. Graphical cross-correlation was 

used to determine the time shift T for all scintillation occurring above 

an elevation of 30 . From this time shift the pattern ground speed and 

irregularity height are found. 

0 

The observed time shifts on the Swine Farm--Geophysical Observatory ' 

baseline, for example, varied from 0.1 to 3.4 seconds, corresponding with 

ground pattern speeds from 28 to 0.83 km/sec or irregularity heights from 

800 to 90 Inn. For elevation angles above 35 the plane-earth formula 0 

where h. = irregularity height v = pattern velocity on the ground 
1 g 

= satellite height v = satellite velocity 
Hs S 

is valid without correction for satellites less than 1000 km high, such as . 

Transit 'IV- A. 
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Due t o  t h e  an i s t ropy  of t h e  s c i n t i l l a t i o n  p a t t e r n ,  a d i f f e r e n c e  of a 

few degrees  between t h e  s a t e l l i t e  heading and t h e  b a s e l i n e  of t h e  r e c e i v e r s  

can cause la rge  e r r o r s ,  i f  t h e  d i r e c t i o n  of t h e  p a t t e r n  e longa t ion  is 

nea r  t h e  d i r e c t i o n  of t h e  base l ine .  (During t h e  f i r s t  and l a s t  p a r t  of 

each T r a n s i t  IV-A pass  t h e  d i f f e r e n c e w a s  4 t o  8 degrees .  ( s ee  Table I , ) )  

Figure 5, below, shows t h e  two extreme s i t u a t i o n s .  A smal l  d i f f e r e n c e  

between t h e  d i r e c t i o n  of t h e  b a s e l i n e  and t h e  d i r e c t i o n  of V r e s u l t s  i n  

no apprec iab le  e r r o r  f o r  t h e  case of 5a, but i n  5b a c o r r e c t i o n  must be 

app l i ed .  I f  a t h i r d  r e c e i v e r  is placed somewhere o f f  t h e  b a s e l i n e  of t h e  

f i r s t  two, the c o r r e c t i o n  can be measured d i r e c t l y .  However, i f  on ly  two 

r e c e i v e r s  a r e  used, t h e  c o r r e c t i o n  must be c a l c u l a t e d .  Note t h a t  t h e  

e f f e c t i v e  base l ine  is  determined by t h e  conjugate  diameter w i th  r e s p e c t  

t o  v of t h e  c h a r a c t e r i s t i c  e l l i p s e .  Th i s  po in t  is  f u l l y  d iscussed  by 

g 

g 

Liszka [ 19631. 

i n e  

1 

a b 

Figure 5 .  Spaced Receiver Geometry f o r  I r r e g u l a r i t y  Height Measurement 
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The accuracy of these height measurements is limited by the accuracy 

of measurement of the scintillation pattern ground speed. Errors in the 

measurement of v due to geometrical effects have been compensated for when 

necessary in the data analysis. The only remaining source of error was 

in measuring the cross correlation time shift T. T was generally measured 

to within + 0.05 seconds, which is equivalent to + 15 km at a height of 

350 km. 

g 

- - 

In many of the observations the ground pattern velocity was more or 

less variable during the pass. These variations were followed by reducing 

the cross-correlation sample length to 10 seconds. They are interpreted 

as changes in irregularity height as a function of position. In a few 

cases, the scintillation was abnormally violent and the records could not 

be analyzed, because there was little or no correlation between the signals 

at the two receivers. The scintillation-producing region is believed to 

be much thicker or much more strongly irregular than normal at such times. 

Chapter IV examines this phenomenon in greater detail. 

Figure 6 shows 13 examples which illustrate the main features of 

the irregularity height behavior found in the 130 height measurements. 

These measurements indicate that the irregularity height in the F-region 

was variable about one-third of the time and fairly uniform about two- 

thirds of the time. This is in general agreement with the findings of 

Jespersen and Kamas [1963]. Height variations may be gradual or abrupt. 

Combinations of height gradient regions and level regions were observed. 

Small patches of irregularities were seen, sometimes at a constant height, 

as on March 8,  1963 (see Figure 6), and sometimes at different heights. 
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Below 130 km, height  v a r i a t i o n s  were not observed. E-region i r r e g u l a r i t i e s  

were o f t e n  very patchy, as shown by Figure 6, 

Simultaneous i r r e g u l a r i t y  height measurements made with spaced re- 

c e i v e r s  on both 54 and 150 m c  gave the  same heights ,  wi th in  the  accuracy 

of t h e  measurements. A s i m i l a r  observat ion w a s  made by Jespersen and 

Kamas [1963]. As Dredicted by the  model used i n  Chapter I V  based on 

t h e  assumption of s i n g l e  s c a t t e r  theory, xe t i n 3  height  measurement i s  

independent of frequency 

I r r e g u l a r i t y  height  d i s t r i b u t i o n s  were prepared f o r  each three-hour 

i n t e r v a l  of the  day. These d i s t r i b u t i o n s  p lus  a composite d i s t r i b u t i o n  

which inc ludes  a l l  t he  da t a  i n  one histogram, a re  shown i n  Figure 7 .  

The d i u r n a l  changes i n  t h e  i r r e g u l a r i t y  he ight  d i s t r i b u t i o n s  are immedi- 

a t e l y  apparent from Figure  7 .  Conclusions from t h i s  f i g u r e  are as fol lows.  

A t  n ight ,  m o s t  of t h e  s c i n t i l l a t i o n  is caused by F-region i r r e g u l a r i t i e s .  

A t  midday, most s c i n t i l l a t i o n  is  caused by E-region i r r e g u l a r i t i e s .  The 

d iu rna l  v a r i a t i o n  of the  incidence of F-region s c i n t i l l a t i o n  is very s i m i l a r  

t o  t h e  d iu rna l  v a r i a t i o n  of the  incidence of spread-F a s  shown by ShimLzaki 

[1959]. 

t o  t h e  d iu rna l  v a r i a t i o n  of sporadic-E a s  shown by Thomas and Smith [1959]. 

The d iu rna l  v a r i a t i o n  of E-region s c i n t i l l a t i o n  i s  very similar 

A s t rong  pos i t i ve  c o r r e l a t i o n  was found between the  incidence of both 

E and F-region sa te l l i t e  s c i n t i l l a t i o n  and E and F-region i r r e g u l a r i t i e s  

observed on ionograms, when the  s c i n t i l l a t i o n  was wi th in  45 of the  zen i th  

a t  t h e  ionosonde and below the  F-region maximum. The c o r r e l a t i o n  w a s  made 

by checking the  ionograms corresponding with approximately 160 sa t e l l i t e  

passages recorded between Apr i l  and November, 1963. The ionograms w e r e  

0 
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taken a t  Urbana, I l l i n o i s  and a t  Anderson, Indiana, 200 km e a s t  of Urbana. 

On days when s c i n t i l l a t i o n  w a s  observed i n  the  F-region, spread-F w a s  ob- 

served on the  corresponding ionogram over 90 percent of t he  t i m e .  

when E-region s c i n t i l l a t i o n  w a s  observed, sporadic-E w a s  observed over 

90 percent of the t i m e .  On one day, when the  sa te l l i t e  showed patches of 

both E-region and F-region s c i n t i l l a t i o n ,  both sporadic-E and spread-F 

appeared on the  ionogram. On t h e  other hand, t he re  w e r e  many cases where 

spread-F o r  sporadic-E w a s  observed on the  ionogram and the  corresponding 

sa te l l i t e  passage showed no s c i n t i l l a t i o n .  I t  is bel ieved t h a t  t h i s  last  

phenomenon is  caused by t h e  "patchiness" of the i r r e g u l a r i t y  regions.  

(When t h e  ray  t o  t h e  s a t e l l i t e  does not pass d i r e c t l y  through t h e  region 

of i r r e g u l a r i t i e s ,  no s c i n t i l l a t i o n  is observed.) This ana lys i s  confirms 

the  e a r l i e r  be l i e f  t h a t  s c i n t i l l a t i o n  w a s  co r re l a t ed  with spread-F [ Y e h  

and Swenson, 19591. 

previously i n  doubt [deMendonca et al . ,  19601 because E and F-region scin- 

t i l l a t i o n  had not y e t  been d i f f e r e n t i a t e d .  

Similar ly ,  

I t  is probable t h a t  c o r r e l a t i o n  with sporadic-E w a s  

Figure 7 shows that,averaged over a long period of t i m e ,  i r r e g u l a r i t y  

he igh t s  are broadly d i s t r i b u t e d  i n  t h e  F-region, but with most of t he  

i r r e g u l a r i t i e s  between he igh t s  of 300 and 400 km. E-region i r r e g u l a r i t i e s  

are much more narrowly d i s t r i b u t e d .  Most of them f a l l  between he igh t s  of 

100 and 125 h. There a r e  very few i r r e g u l a r i t i e s  between 125 and 290 km, 

although occasional  examples may be found i n  the  f igu re .  B a l s l e y  [1964] 

has observed t h i n  i r r e g u l a r i t y  layers  i n  t h i s  height  range using the in- 

coherent scatter radar  a t  Jicamarca, Peru. 

be 
A Over a s h o r t e r  i n t e r v a l  of time the  F-region i r r e g u l a r i t i e s  may con- 

cen t r a t ed  i n  a narrower he ight  range than  t h a t  shown i n  Figure 7. For 
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example, a distribution of irregularity heights was prepared from approxi- 

mately the first 25 percent of the data shown in Figure 7. This initial 

analysis showed that irregularities were distributed over about the same 

height range shown in Figure 7 ,  but there was a much greater concentration 

of irregularities near the center of the range, i.e. the distribution had 

a distinct maximum near 350 km in contrast to the rather broad maximum 

of Figure 7. This distribution curve was presented earlier by Yeh, 

Swenson.and McClure [1963], and later published in a modified form by 

Yeh and Swenson [1964]. The modification was made because the original 

distribution was based on the number of minutes of scintillation observed 

at each height, which tends to over-emphasize irregularities at lower 

heights. That is, an irregularity patch of a given size is observed for 

a longer time if it is low since the ray to the satellite has a lower 

velocity at lower heights. The distribution in Figure 7 is based on 

the spatial extent of the irregularities and gives a true indication of 

the relative incidence of irregularities at different heights. 

The diurnal variation shown in Figure 7 indicates that the irregu- 

larity heights in the F-region tend to be distributed more broadly in 

the hours after midnight than in the hours before midnight. Attempts to 

find seasonal differences in the irregularity height behavior failed. 

Variations within any season were very large and there were not sufficient 

data to show conclusively that one season was any different from another. 

The irregularity heights sometimes had a tendency to remain nearly constant 

for a few days, but at other times varied widely fran day to day. No other 

systematic variations in the seasonal or day-to-day irregularity height 

behavior were found . 
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Jespersen and Kamas [1963] reported a gradual increase of the average 

irregularity height to the north f o r  10 nighttime satellite passages which 

showed no discontinuities in height and for which three or more values of 

height were available for each pass. Their method of analysis was the 

same as that used here, except that they computed the cross-correlation 

function at discrete times (20-60 seconds apart). Figure 6 of their 

report shows a linear height increase of 13 km per 100 km to the north. 

This line was fitted by least squares to 43 height measurements from 

the ten passes. This figure could be interpreted as implying that, in 

individual cases where irregularity heights are non-discontinuous, there 

is a gradual increase in height to the north. In the present study, 

irregularity heights were measured continuously during all periods of 

scintillation. The results indicate that during an individual pass the 

most probable height gradient is near zero. Figure 6 of this “eport in- 

dicates that height gradients to the north and the south do exist, but 

are seldom uniform for more than 50-100 km. The average height of all 

F-region scintillation does seem to increase slightly to the north. How- 

ever, this does not appear to be due to uniform layers of irregularities 

gently sloping upwards to the north, but to irregularity patches, large 

and small, being higher, on the average, in the north. Table 3 lists the 

observed average height of all F-region irregularities as a function of 

latitude. 



Table 3. Average I r r e g u l a r i t y  Heights 

North Lat i tude  Number of Observations Average I r r e g u l a r i t y  Height 

36O 

3 7O 

3 8 O  

3 go 

40° 

41° 

4 2' 

43O 

44O 

26 

30 

35 

44 

48 

42 

46 

36 

41 

336 km 

335 km 

338 km 

355 km 

351 km 

354 km 

357 km 

381 km 

390 km 

3. I r r e g u l a r i t y  Or i en ta t ion  and S i z e  Measurements 

To measure t h e  o r i e n t a t i o n  and s i z e  of a s c i n t i l l a t i o n  p a t t e r n  on t h e  

ground, d a t a  from a t  least t h r e e  non-colknear r e c e i v e r s  i s  needed. The 

geometry of t h e s e  measurements is thoroughly d iscussed  by Liszka [1963b]. 

Br i e f ly ,  t h e  r e l a t i v e  t i m e  s h i f t s  of t h e  r e c e i v e r  ou tpu t s  a r e  used t o  

determine t h e  magnitude of t h e  p a t t e r n  d r i f t  v e l o c i t y  and t h e  d i r e c t i o n  

of o r i e n t a t i o n  of t h e  " l i n e  of maximum'' [Liszka,  1963bI. The d i r e c t i o n  

of t he  d r i f t  is a n t i p a r a l l e l  w i th  t h e  s a t e l l i t e  v e l o c i t y  vec to r .  For an 

e l l i p t i c a l  pa t t e rn ,  t h e  l i n e  of maximum i s  n o t  t h e  major axis but t h e  

conjugate  diameter wi th  r e s p e c t  t o  v of t h e  c h a r a c t e r i s t i c  e l l i p s e .  
g 

When t h e  p a t t e r n  i s  e longated  by only 2 or 3 : l  t h i s  d i f f e r e n c e  is impor- 

t a n t ,  but f o r  e longa t ions  g r e a t e r  t han  5:1 i t  is n e g l i g i b l e .  The 
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c ross -co r re l a t ion  of t he  r e c e i v e r  outputs  can be used t o  determine the  

s i z e  of t he  p a t t e r n  on the  ground. This  is  d iscussed  b e l o w  w i t h  t he  a i d  

of  Figure 8. 

Again i n  t h i s  study, as i n  previous s t u d i e s ,  the measured o r i e n t a t i o n  

of t h e  ground p a t t e r n  e longat ion  was always approximately t h e  same a s  t h e  

o r i e n t a t i o n  of t h e  ground p ro jec t ion  of t h e  e a r t h ' s  magnetic f i e l d .  This 

p r o j e c t i o n  is t h e  l i n e  of i n t e r s e c t i o n  of t h e  ground plane and t h e  plane 

determined by a ray  t o  the  s a t e l l i t e  and a magnetic f i e l d  l i n e  a t  t h e  

i r r e g u l a r i t y  he igh t .  The measured o r i e n t a t i o n  w a s  observed to  change con-' 

s i s t e n t l y  dur ing  a pass  i n  a manner tha t  could be c a l l e d  t h e  "sundial  effect." 

I t  is bel ieved t h a t  t h i s  t e r m  was o r i g i n a l l y  used by Professor  S. A. B o w h i l l  

[ p r i v a t e  communication]. 

t u r e  before .  

It  does not s e e m  t o  have appeared i n  the  litera- 

For l o w  e l e v a t i o n  angles  t h e  ground p a t t e r n  can become h igh ly  elon- 

ga ted .  The s t r a i g h t n e s s  of t he  l i n e  of maximum may be checksd by using a 

network of fou r  or more r e c e i v e r s  (Figure 8).  When t h i s  w a s  done f o r  

h igh ly  elongated pa t t e rns ,  t he re  was high c o r r e l a t i o n  between a l l  r e c e i v e r  

ou tputs .  On every observat ion,  t h e  t i m e  s h i f t s  i nd ica t ed  t h a t  t h e  l i n e  

of maximum w a s  s t r a i g h t .  Further ,  the ind iv idua l  f ades  on the  records  

w e r e  d i sp l aced  by e x a c t l y  t h e  same amount, i n d i c a t i n g  t h a t  t h e  ind iv idua l  

i r r e g u l a r i t i e s  were p a r a l l e l  wi th  each o t h e r .  

Table  4 shows the  p a t t e r n  s i z e  i n  t h e  d i r e c t i o n  of i ts  motion deduced 

from v and t h e  fading r a t e .  The example of October 19 shows the  change 

i n  apparent  s i z e  which could be expected from the  change i n  t h e  angle  

between v and the  p a t t e r n  o r i en ta t ion ,  assuming the  p a t t e r n  had a cons tan t  

s i z e  dur ing  t h i s  t i m e .  

g 

g 
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Table 4. Irregularity Size in the Direction of Pattern Motion 

Date Time Irregularity Satellite Satellite Angle,vg to Pattern 
1963 CST Height, lun Azimuth Elevation Major Axis Size,lun 

Oct. 5 0203 300 89O 79O 58O 2.5 

Oct. 7 0232 330 235O 3 7O 60° 2.4 

Oct. 13 0026 3 25 157O 53O 15O 1.9 

Oct. 19 2233 330 83O 69O 74O 2.0 

2234 330 1 20° 55O 59O 2.3 

2235 330 132O 39O 3 4O 3.3 

Aug. 26 1016 105 3 6O 8 7O 75O 1.7 

Aug. 27 1029 110 50' 92O 81° 1.5 

To determine the size of the pattern in any direction other than the 

direction of satellite motion it is necessary to use cross-correlation. 

Since the scintillation pattern changes as it drifts, the receivers must 

be spaced in approximately the direction of the pattern orientation, so 

that the effect of this change on the cross-correlation is not too great. 

Also, in the interests of accuracy, the spacing distance must be such that 

the cross-correlation is neither too high nor too low. Therefore any network 

of three or four receivers can be used to find the pattern size for only a 

limited range of pattern orientations and sizes. Figure 8 illustrates 

favorable and unfavorable geometries for measuring irregularity size. 

Figure 8a shows an ideal situation for measuring the size of the 

irregularity on the ground, since the correlation between the signals at 

R and R would be -0.5 and the time delay would be -0. However, if R4 1 4 
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were missing, the measurement would be less accurate, since the cross- 

correlation between R and R would be greater than 0.5. The situation 

shown in Figure 8b is unfavorable for accurate irregularity size measure- 

ments. While here the cross-correlation between R and R might be as 

low as 0.5, the time delay would be large. Therefore, it would be impos- 

sible to separate the effect of pattern size and the effect of pattern 

change, because both govern the cross-correlation observed under these 

conditions. 

1 3 

1 3 

R 4 °  

R3 

R2 

I 

a b 

R2ZI 

Figure 8. Geometry of the Cross-Correlation Method of 

Measuring Irregularity Size 

A few examples of E and F-region scintillation were chosen and exam- 

ined to find the approximate dimensions of the ground pattern. The direction 

of elongation of both the E and F-region patterns was consistent with the 

sundial" hypothesis and their size indicated that they were caused by 11 
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approximately 1 x 10 km field-aligned irregularities. No further investi- 

gation of this subject was attempted. The relation between the pattern 

size and the size of the irregularity in the ionosphere is discussed by 

Yeh [1962]. 
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Chapter IV. Thickness of the Region of 

1. Derivation of the Cross-Correlation 

35 

Irregularities 

Function for Satellite Scintillation 

The height of the inhomogeneous region of the ionosphere responsible for 

satellite scintillation has been found by measuring the ground velocity of 

the scintillation pattern. When measuring the ground velocity with spaced 

receivers it is observed that the satellite signal strength pattern changes 

as it drifts, and that the rate of change is variable. For example, over 

a distance of 10 km in the direction of the satellite velocity, the cross- 

correlation between the signals observed is usually in the range of 0.3 

to 0 . 7 ,  although it is sometimes above or below this range. It will be 

shown here that this phenomenon can be related to the thickness of the 

irregularity region. 

A model ionosphere having a uniform slab of irregularities is chosen. 

The irregularities are chosen to be Gaussian with ellipsoidal symmetry. 

Starting with the general correlation function of Yeh [1962], a solution 

for the geometry of the spaced receiver experiment is obtained. The result 

is a concise function expressing the normalized cross-correlation for 

satellite signals observed at spaced receivers. 

James [1962] has derived, from the diffraction theory, a relationship 

between the thickness of the irregularity region and V the fading velocity 

of Briggs et al. [1950]. It will be shown that James' formula can also 

be derived from the scattering theory presented here. James' formula was 

derived for a region of irregularities with a Gaussian vertical distribution, 

but a uniform slab of equivalent thickness will be shown to give the same 

result. 

C) 
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Yeh [1962] has computed expressions for some of the statistical prop- 

erties of a spherical wave propagated through a random medium. He has 

assumed that the irregularities in the random medium are so weak that 

only first order scattering is important (Born approximation), and also 

that the medium is slowly varying. The scalar Helmholtz wave equation 

is expanded in a series (perturbation method). A solution for the first 

order term is obtained. From this, general correlation functions for 

phase departure and logarithmic amplitude are found. He has evaluated 

the general correlation functions 

I 

t (2) 
3 - I  3 - I  

2 

+ R2 - r2) 
p (it) d x1 d x 2 sin(r 

P 
r2 R2 

I 

cos(r + R - rl) 1 1 
I 

to find values of the phase and amplitude scintillation index and the 

autocorrelations of phase and amplitude, assuming a Gaussian autocorrelation 

function p (GI) for the ionospheric irregularities. We shall make the 

same assumption and evaluate the general expressions for the cross-correlation 
P 

as found in spaced receiver measurements. 
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The geometries used by Yeh and the geometry used in the present study 

are shown in Figure 9. The notation of Equations (2) and (3) is explained 

in Figure 9a. The subscripts on the terms r, r' and R specify the elemen- 

3- tary volume d x to which they correspond. 

irregularities p 

and d x2. 

k = w < n>/c. 

The correlation of the ionospheric 

3- is a function of the distance x'  between volumes d x 1 
All lengths in (2) and (3) are normalized by the wave number 

CI 
3- 

I P  
\ I \  

t 
I 

> x  3 b d x  

V 
a b C 

Figure 9 .  Geometries Used For Computing the Statistical Properties of Scintilla- 
t ion 

The derivation of the cross-correlation function is similar to the 

derivation of the autocorrelation function (Section 6 of Yeh [1962]). 

The same approximation for the phase difference between the direct and 

scattered wave can be used. 

1 ? I - '2 2 I 

(rl + R - rl) = tYl + ( x1 - XZl/2ZR) 1/25, 

(r; + R~ - rl) 1 / 2 5 ~  

5, = (zl - ZT)(ZR - Z1)/(ZR - ZT) 

5, = (z2 - ZT)(ZR - Z2)/(ZR - ZT) 

1 

1 ? - '2 2 1 

= [y, t (x2 - xzl/2zR 

? 9 

' I 

where 



The o r i g i n  of 

t h e  c e n t e r  of - 
(3), l e t  r '  = 

T 

t h e  coord ina te  system has  been 

t h e  s l a b .  When they  appear i n  
- 

z '  - z R = z - z ' .  Define 
T r 
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moved from t h e  s a t e l l i t e  t o  

t h e  denominator of (2)  and 

(9) 

P u t t i n g  t h e  genera l  express ions  (2) and (3) i n t o  t h e  above d e f i n i t i o n s  

w e  o b t a i n  

' t '2 2 
Y2 + (x2 + xz2/2z 1 3- 3-1 

1 d x  d x  2 
R 

1 
- 

n Y  

"2 

1 1 ' 2  2 
Y2 + (x2 + xz /2z 1 3-1 3-1 

1 ) d x l d x  2 
2 R  + 

C I Y  

,4 "2 

In  o rde r  t o  i n t e g r a t e  t h e s e  express ions ,  w e  t ransform coord ina te s  t o  t h e  

r e l a t i v e  and c e n t e r  of mass s y s t e m s  
1 t 9 9 2 t ' I  1 I 

1 - xl, y = y  -yl, z = z - z 2 2 x = x  
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Integrating wirh respect to a' and P f 7  we have, by Dwight 859.5 

Except for the limits, these integrals are the same as (56) and (57) of 

Yeh [1962]. Assume the autocorrelation of the random part of the dielectric 

constant in the ionosphere to be Gaussian with ellipsoidal symmetry. 

The slab of irregularities is much thicker than P z e  Thus the limits of 

integration with respect to z '  can be extended from -00to 00 in (14) and 

(15). Substituting the correlation (16) and expressing the sine in complex 

notation 
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b/2 00 co 00 2 2  
I 9  exp(-z' /I ) 

Z 
exp [-Y' 2 2  /I - j y '  2 /2(%,-L2>I 

2(Cl + 5,) Y 1 4 = I m  s s s J 
-b/2 -00 -00 -00 

The x' integration is of the form Dwight 863.3 and the y q  integration is 

of the form Dwight 861,3. Integrating with respect to x p  and y q ,  

b/2 00 2 , 2  2 2 n exp(-zI2/i2) exp(-x y /Ix zR) dz 'dy ' Z 

2 2 1P2 
I~ = Im J J 

-b/2 -00 [2zp (2~'-z -z )/ix(~R-~T)-J]1/2[ 2z'(2y'-zR-zT)/i (z -z 1-j] 
R T  Y R T  

2 2  b/2 00 71 exp(-i 2 2  /Iz) exp [-x2yf2/(1 + jDx)ixzR] dz' dy' 

1 Dx-z 2/d (zR-zT)- j 3 1/2 [ D ~ -  z 9 2/i (zR- zT> - j I 1/2 I4 = ~ m  J J 
(20) 

Y -b/2 -00 

where the new terms D and D are the wave parameters, defined as 
X Y 

D = 42 z + 4yP(z + z - y')/Ix(~R 2 - zT) 
X T R  R T  

Since the size of the irregularities is much greater than one wavelength 

2 2 2  (1 >9 11, terms like 2z'(2yp - z - zT)/d (zR - z 
are much less than unity and can be neglected. 

of the familiar form Dwight 861.3. 

and zp /i (zR - zT9 
R T 

The z' integration is now 

Integrating with respect to Z' 
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- b/2 

.- _- _ _  Im I 

The wave parameters D are introduced and discussed by Yeh. The value 

of D in dimensionless units is approximately equal to the reciprocal of 

twice the phase difference between the direct wave and a wave scattered 

from a point 1 /2 or 1 /2 away from the direct ray at the height of interest. 

When the D ' s  are very small the phase differences are very large, and we 

have Fresnel diffraction. For large D ' s ,  the phase differences are very 

small, and we have Fraunhofer diffraction. 

X Y 

.- 
For D>> 1, I4 = 0. Define the normalized cross-correlation functions 

for phase and logarithmic amplitude as 

For the condition D > >  1, Yeh has computed the mean square values 

Referring to equations (23) and (24), we have 



I z  xb ?rf - 
x R  

1/2 x R 
pg(x> = p p  = 7r bx 2 l Z  

which approximates to 

1 
I 
I 
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(28) 

Figure 10 shows that the latter approximation is valid whenever the cross- 

correlation is 0.5 or less. 

I I 1 I I I I I ' > bx/l z 
x R  0 1 2 3 4 5 6 7 8 

Figure 10. The Cross-Correlation Function for Fraunhofsr Diffraction 

The actual values of D which obtain at 54 mc for scintillation from 

Transit IV-A are between 0.3 (E-region scintillation) and 0.8 (F-region 

scintillation). For these values of D, I is a complex error function. 

Assuming D = D = D = constant over the height range of interest, 

4 

X Y  



= 7T3l2 I Im - exp -x2yv2/(1+jD)Ix 2 2  z dy' 
I4 z D-j  

-b/2 

2 , 2  2 2 3/2 1 u Re s exp -(u - jv) x y /I z dy' 
Z X I4 = 7T 

-b/2 

where 

1 
2 '  u =  

1 + D  

D 

1 + D  2 
v =  (33 1 

For values of D << 1, the mean square values are computed by Yeh. 

< S 2 > = < p2 > r1l2 1 D2 b/2 
z 

Thus the cross-correlation functions are the same as for the condition 

D>> 1. For finite values of D, the periodic part of I will cause the 

cross-correlation functions to depart slightly from their values at D>> 1. 

However, for the actual values of D < 0.8 at 54 mc, the departure will 

not be large and the functions, equation (281, (291, and (30) can be 

used 

4 

We are now in a position to examine the meaning of the cross-correlation 

function in greater detail than was possible before. The function we have 

computed is the value of the cross-correlation when the rays to the satellite 

from the receiver positions R and R cross the center of the region of 

irregularities (see Figure 9). This is exactly the geometry assumed for 

1 2 
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T1 T2 

R2 R1 R2 R1 
Figure 11. Cylindrical Intersection Approximation to the 

Cross-Correlation Function 

We now compute the normalized value of the common volume of the two cylin- 

ders and compare with scattering theory. 

Circular-Cylinder Square-Cylinder 
Approximation Approximation 

z R  16 R f 
377 bx 

p(x) = - - 

z R  R f  x > 4  - b - 

bx 

8zRRf 
- -  p(x) = 1 

z R  R f  x <  4- b - 

z R  R f  x >  4 - b - 

Scattering Theory 

p(x) =. 1 - 
2 2  

2 2  
'R 

b x  

b x < i  z x R  

P 
1/2 xzR p w  = 7r - bx 

b x >  3 Q z x R  

The square cylinder approximation leads to a correlation which starts 

The scatter- with a linear decay and becomes hyperbolic where p(x) = 1/2. 

ing theory leads to a correlation which starts with a parabolic decay and 
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becomes hyperbolic somewhat before p(x) = 12. The circular-cy 

approximation also becomes hyperbolic in about the same region. 

i nder 

The con- 

stants for each of the three cases are slightly different, but the resultant 

curves are very similar. 

3. Derivation of James' Formula from the Cross-Correlation Function 

A formula for the thickness of the region of inhomogeneity was derived 

from the diffraction theory by James [1962]. It is given as 

vc vs Hs 

(vs+ vg> 
2 A =  (34) 

2 2 where the irregularities are vertically distributed as exp [-(z-h) /4 A 1. 

V is the "fading velocity," defined as the ratio of the pattern size in 

the direction of motion to the average lifetime of an irregularity [Briggs 

et al., 19401, 

C 

In his derivation, James has made the assumption that the magnifica- 

tion parameter I /I (Figure llb) is given by, 
x g  

hi)/Hs (35 1 

This is not always valid. (See Yeh [1962] for a discussion of the problem.) 

However, if we assume it to be true, we may derive James' formula from 

equation (30). The average lifetime of an irregularity T is defined as 

the time required to reduce the cross-correlation of the irregularity pattern 

to 0.5. 

irregularity pattern v 

are related as follows. 

0 

the correlation distance x the ground velocity of the 
TO' 0 )  

g' 
and the pattern size in the direction Of motion 1 

g 

1 
1 
I 
I 
1 
1 
1 
1 
I 
1 
I 
1 
I 
I 
I 
1 
I 
1 
I 
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The hyperbolic approximation to the cross-correlation function, equation 

(301, is valid in the case where p ( x  ) = 0.5, and it then yields 
0 

x = 2 ~ ~ ' ~  1 h./b 
0 X I  

Inverting equation (1) we have 

v = v  
g S Hs - hi 

Combining (36 ), (37) and (38 ) 

b = 2711i2 1 v (Hs - hi)/.f v 
x c  g s  

Combining (35) and (39) 

Using equation (38), we have 

1/2 A 
27~~'~ vc vs Hs 

b =  n = 2p 

(37) 

(38) 

(39) 

Thus the ratio of b, as defined in this chapter, and A, as defined 

by James, is the constant 2p1I2, when we use James' simplifying assumption 

(equation (35)). Furthermore, the thickness b' of a uniform slab, equiva- 

lent to James' Gaussian-shaped slab, is also 2p1I2 A, since 

a3 

(42) 2 2 1/2 A b' = exp[-(z - h) /4 A ] dz = 2p 
-a3 



Figure 12 below illustrates the relationship between the two slabs. The 

total area under the irregularity distribution curves is equal. Thus 

Figure 12. a) The Irregularity Distribution of James and the Equivalent 

Rectangular Irregularity Distribution 

b) The Geometrical Magnification of Ionospheric Irregularities 

James' formula is a special case of the cross-correlation function derived 

in this chapter. 

4. Application of the Cross-Correlation Function to Measurement of the 

Irregularity Region Thickness 

Spaced receiver measurements made in this study show that for F-region 

irregularities, a typical irregularity pattern on the ground must drift 

approximately 10 km before the cross-correlation is reduced to 0.5. Using 

the cross-correlation function, equation (28), this corresponds with an 

irregularity region thickness b of approximately 120 km. Table 5 shows 

seven specific examples of cross-correlation data and the layer thickness 

deduced from them. 

48 
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Table 5. Data on the Rate of Change of the Diffraction Pattern 

Date Time Irregularity Satellite Scintilla- Cross- Distance Thickness 
1963 CST Height Elevation tion Index Correlation x b 

Oct.5 0203 300 Irm 79O .12 .46 15 km 76 

Oct 13 0026 325 53O a 15 .4 6.4 185 

Oct.19 2234 330 55O 0 22 0 45 9 
119 

e 29 16.8 

Oct.20 2246 330 60° .ll 63 15 50 

Oct -23 2142 470 5 2O .36 .55 9 130 

Aug.26 1016 105 3 6O -. 1 > .5 13 < 17 

Aug.27 1029 110 5 Oo -. 05 > .5 13 < 23 

The cross-correlation function (equation (28)) was derived for the 

symmetric case (Figure 9), where the satellite is near the zenith. In 

actual practice, an approximation to this geometry must be used. The 

data in Table 5 refer to satellites near the point of closest approach, 

near which the cross-correlation function (28) should still give valid 

results. The example for October 19, 1963, shows that the cross-correlation 

was approximately an inverse function of distance, as predicted. 

It was mentioned in Chapter I11 that occasional examples of very 

violent scintillation show little or no correlation using a 3 km receiver 

spacing. These examples would correspond with irregularity region thick- 

nesses of more than 300 km. They were not included in Table 5 because 

the data did not permit accurate calculations of the cross-correlation 

and because such violent scintillation was very rare. It is possible that 
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m u l t i p l e  s c a t t e r i n g  had occurred  on such occasions,  and t h a t  t h e  assump- 

t i o n  of "weak" i r r e g u l a r i t i e s  i s  t h e r e f o r e  not v a l i d .  See Yeh [1962] and 

Yeh and Swenson [1964]. 

The E-region l a y e r  t h i c k n e s s  observed on August 26 and 27, 1963, was 

t o o  t h i n  (less than  15 km) t o  be a c c u r a t e l y  measured wi th  t h e  13 km r e c e i v e r  

spac ing  used. I t  is  known t h a t  E-region i r r e g u l a r i t y  l a y e r s  can be less 

than  5 o r  10  k m  t h i c k  [Thomas and Smith, 19591. 

show t h a t  f o r  such l aye r s ,  r e c e i v e r s  spaced about 25 km a p a r t  should s t i l l  

y i e l d  h igh  c ross -co r re l a t ion  and v a l i d  he igh t  measurements. However, due 

t o  slow decrease of t h e  c ros s -co r re l a t ion ,  such measurements would not 

be s u i t a b l e  fo r  determining t h e  th i ckness  of t h i n  E-region i r r e g u l a r i t y  

l aye r s  

The r e s u l t s  of t h i s  chap te r  

Jespersen  and K a m a s  [1963] have used James' formula t o  determine 

t h e  th i ckness  of F-region i r r e g u l a r i t y  r eg ions .  They have s t a t e d  t h a t  

t h e  th i ckness  (4  A) f o r  13 examples var ies  from 90 t o  470 km, The i r  measure- 

ments w e r e  made wi th  a t r i a n g u l a r  a r r ay  of antennas spaced 1600 f e e t  a p a r t .  

Observations made i n  t h i s  s tudy  i n d i c a t e  t h a t  t h e  c r o s s - c o r r e l a t i o n  observed 

w i t h  such a narrow spac ing  should be q u i t e  high, and Figure  10 shows t h a t  

t h e  s lope  of t h e  c r o s s - c o r r e l a t i o n  curve under such cond i t ions  makes i t  

very  d i f f i c u l t  t o  measure accu ra t e  v a l u e s  f o r  v Nevertheless,  t h e i r  

va lues  f o r  the th i ckness  of F-region i r r e g u l a r i t y  l a y e r s  are i n  f a i r l y  

good agreement wi th  t h e  va lues  obta ined  h e r e .  

C 

Cohen and Bowles [1961] r epor t ed  t h a t  e q u a t o r i a l  F-region i r r e g u l a r i t i e s  

were i n  l aye r s  about 50 km t h i c k .  The i r  measurements were based on iono- 

s p h e r i c  propagation v i a  s c a t t e r i n g  from t h e  F-region of 50 m c  pu l se s ,  
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Other observers have measured the thickness of the irregularity layers 

responsible for satellite scintillation directly from equation (1). If 

it is assumed that this equation holds for individual irregularities, 

then a height distribution of individual irregularities during a single 

pass can be obtained from the distribution of ground velocities, because 

individual variations in the ground signal strength pattern drift at 

different velocities. Using this method Yerukimov [1962] reported the 

irregularities were distributed over regions 150 to 200 km thick for F-region 

scintillation, and Liszka [1963b] reported thicknesses from about 20 to 

over 800 km for E and F-region scintillation in the auroral zone. Hook 

and Wren [1962] found auroral zone irregularities vertically distributed 

in cylinders about 30 to 70 km wide in the north-south direction and ex- 

tending from a height of approximately 100 km to at least 275 km, the 

height of the satellite. The cylinders were aligned approximately with 

the earth's magnetic field. It is believed that these studies all deter- 

mined the irregularity region height and thickness by using the time shifts 

of similar fades on the recordings, rather than using the cross-correlation 

of a segment containing many fades, as in this report. Receiver spacings 

were about an order of magnitude smaller than those used in this study. 

Even so, their data seem to indicate that the cross-correlation observed 

in the auroral zone was quite low at times. To obtain these results under 

the assumptions of this chapter would require that the irregularity region 

be unrealistically thick, perhaps thicker than the distance from the earth 

to the satellite. The published data do not permit thickness calculations 

by the cross-correlation method (equation (30) 1, but seem to indicate 
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t h a t  u n r e a l i s t i c  t h i cknesses  might be obta ined .  Such a r e s u l t  would show 

t h a t  t h e  assumption of s i n g l e  s c a t t e r i n g  from a s lowly  vary ing  random 

medium, or one of t he  o t h e r  assumptions of t h i s  chapter ,  is not  v a l i d .  
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Chapter V. Conclusions and Suggestions for Further Study 

Spaced receivers can be used to measure the ground velocity and change 

of ground signal strength pattern produced by ionospheric irregularities. 

These measurements provide an excellent method of determining the heights 

and thicknesses of regions of irregularity responsible for satellite scin- 

tillation. A particular advantage of this approach is that measurements 

may be made continuously during a satellite passage, yielding information 

on the geographic variation of these parameters. 

Prior to this study, data on the statistical variation of heights of 

scintillation-producing irregularities has been meager. It is believed 

that the observations and analysis contained herein substantiate the 

following conclusions: 

(1) Most nighttime scintillation in temperate latitudes is caused 

by F-region irregularities as shown by previous studies. In 

addition, it was found that they lie mainly between 300 and 400 

km in height. 

(2) Most daytime scintillation in temperate latitudes is caused 

by E-region irregularities near 100 km in height. The connection 

between daytime scintillation and E-region irregularities has 

not been clear heretofore. It is probable that the reason pre- 

vious studies tended to show the opposite (Lawrence et al., 1961)is 

because E and F-region scintillation had not been differentiated. 

(3) When ionospheric irregularities producing satellite scintillation 

exist sufficiently close to an ionosonde, ionogram irregularities 

will be observed. This holds for both E and F-region irregulari- 

ties. 
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(4)  Sporadic-E and spread-F on ionograms are not necessarily accom- 

panied by satellite scintillation. 

(5) Above 130 km, irregularity heights often vary considerably, not 

only from day to day, but also during a single satellite pass. 

It is believed that the reasons for these variations will not 

be known until the origins of irregularities are better under- 

stood. 

(6) Diurnal variations of E and F-region scintillation-producing 

irregularities are similar to the diurnal variations of sporadic-E 

and spread-F. No conclusions have been reached with regard to 

seasonal variations. 

Theoretical calculations have been based upon the assumptions of single 

scattering from a uniform slab of ionospheric irregularities, a Gaussian 

auto-correlation of the dielectric constant with ellipsoidal symmetry (axes 

lying in and perpendicular to the horizontal plane), and a satellite posi- 

tion close to the zenith at the time of measurement. Under these assumptions, 

the cross-correlation method of measuring irregularity heights yields the 

average height of the slab of irregularities. The analysis also shows 

that the cross-correlation between the signals observed at receivers spaced 

in the direction of satellite motion is a monotone decreasing function 

dependent only upon the thickness and height of the region of irregularities, 

the size of the irregularities, and the receiver spacing. Further, when 

the cross-correlation is less than 0.5,  it varies inversely with the irregu- 

larity region thickness and receiver spacing. James' formula is a special 

case of the cross-correlation function derived here (equation (30)). 
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While equat ions  (a), (291, and (30) 86SUme Fraunhofe'r d i f f r a c t i o n ,  they 

a r e  approximately v a l i d  for F-region s c i n t i l l a t i o n  a t  the frequency used 

(54 m c ) .  Further ,  equa t ions  (23) and (24) hold f o r  any d i f f r a c t i o n  assump 

t i o n  and can be used t o  de r ive  c o r r e l a t i o n  func t ions  f o r  lower f r equenc ie s ,  

Measurements i nd ica t ed  that ,  f o r  F-region s c i n t i l l a t i o n ,  t h e  cross-  

c o r r e l a t i o n  of t h e  s c i n t i l l a t i o n  p a t t e r n  over a base l ine  of 10 km usua l ly  

ranges from 0.3 t o  0 . 8 .  This  corresponds wi th  i r r e g u l a r i t y  reg ion  thick-  

nesses between 50 and 250 km. Typical th icknesses  were i n  the  neighborhood 

of 120 km. These va lues  a r e  only s l i g h t l y  lower than those  obta ined  by 

Jespersen and Kamas [1963] usitlg James' formula. 

The reason f o r  t h e  v a r i a t i o n  of t h e  F-region i r r e g u l a r i t y  h e i g h t s  is 

an important area for  . f u r t h e r  research .  Simultaneous measurements of 

i r r e g u l a r i t y  he ight  and o the r  d e t a i l s  of s c i n t i l l a t i o n ,  such as irregu- 

l a r i t y  s t r eng th ,  size, and l a y e r  th ickness  should be made along wi th  o t h e r  

geophysical  parameters.  Perhaps i t  w i l l  be found t h a t  ionospheric  irregu- 

lar i t ies  are c l o s e l y  c o r r e l a t e d  with e l e c t r o n  p r e c i p i t a t i o n  [Yeh and Srenson, 

19641 or with  sub-visual  red-arcs  i n  the  ionosphere [hfegi l l  and Carlson, 

19641 

A n  at tempt  was made t o  c o r r e l a t e  some Explorer  VI1 d a t a  showing strong, 

patchy s c i n t i l l a t i o n  on November 27 and 28, 1959, wi th  Geiger tube counts  

of e l e c t r o n  p r e c i p i t a t i o n  observed on t h e  same passages.  The counting rate 

was high and nea r ly  cons t an t  throughout t h e  November 27 passage. During 

the November 28 passage, i t  showed a s t eady  inc rease  as t h e  sa te l l i t e  w a s  

passing t h e  l a t i t u d e  of t he  Universi ty  of I l l i n o i s  on a northbound heading. 

The count ing d a t a  w e r e  furn ished  by Professor  J. A. Van Allen ( p r i v a t e  
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communication). The count ing  rates showed no d e t a i l e d  v a r i a t i o n s  correspond- 

ing  wi th  t h e  v a r i a t i o n s  of s c i n t i l l a t i o n  index. 

Geiger tube  used responds only t o  e l e c t r o n s  wi th  e n e r g i e s  g r e a t e r  t han  

30 kev [Ludwig and Whelpley, 19601, and it i s  p o s s i b l e  t h a t  a d i f f e r e n t  

However, t h e  Anton 302 

t ype  of counter might show a r e l a t i o n s h i p  between s c i n t i l l a t i o n  and e l e c t r o n  

p r e c i p i t a t i o n  i n  some o t h e r  energy range. 

A s t r i k i n g  inc rease  i n  s c i n t i l l a t i o n  has  been observed on s i g n a l s  

propagated through sub-visual r ed  a r c s  [Roach, 19631. H i s  observa t ions  

could be advanced by us ing  t h e  techniques  of t h i s  r e p o r t  t o  search  f o r  a 

more d e t a i l e d  c o r r e l a t i o n  between t h e  two phenomena. 

While t h e  measurement techniques  used t o  determine t h e  i r r e g u l a r i t y  

r eg ion  he igh t  and th i ckness  appear t o  be c o n s i s t e n t  wi th  previous s t u d i e s ,  

i t  i s  r e a l i z e d  t h a t  an ad hoc independent check of t h e s e  methods would 

be d e s i r a b l e .  

which g ive  i r r e g u l a r i t y  r eg ion  he ight  and th i ckness  d i r e c t l y .  With t h e  

accuracy e s t ab l i shed ,  t h e  c r o s s - c o r r e l a t i o n  techniques  descr ibed  h e r e i n  

should be va luable  f o r  s c i n t i l l a t i o n  s t u d i e s  because of t h e i r  r e l a t i v e  

s i m p l i c i t y  and ease  of a p p l i c a t i o n .  

A check could be made us ing  incoherent  backsca t t e r  soundings, 
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